The influence of electric polarization on primary adhesion and on biofilm formation was investigated. As substrata, indium tin oxide (ITO) and polypyrrole coatings were used because of their electric conductivity. The materials were polarized from 2600 mV to +600 mV, switching every 60 seconds. Control was non-polarized substrata. Primary adhesion under this regime was not strongly influenced, however, the morphology of the primary biofilm was obviously different from that of the control. Biofilm formation of the natural population of non-chlorinated drinking water, supplemented with nutrient in low concentration, was determined over 164 hours.
INTRODUCTION
The first step in biofilm formation is the initial adhesion of microorganisms to surfaces. It is generally believed that this initial step depends on physicochemical properties of the microbial cells, and the material surface and the medium (Van Loosdrecht et al. 1990 ; Van der Boorden et al. 2004) . It was attempted to describe, explain and predict microbial adhesion with physico-chemical models such as the Derjaguin-Landau-Vervey-Overbeck (DLVO) theory (Hermansson 1999 ) and a thermodynamic approach employing the surface energies of cells and substratum and both (Marshall 1992; Zita & Hermansson 1994; Bos et al. 1999; de Kerchove & Elimenech 2005; Flemming 2008) . The classical as well as the modified DLVO theories (Hermansson 1999) use the net interactions between a cell and a surface as balance of attractive and repulsive forces including hydration. Van der Waals interaction and hydrogen bonds are generally attractive, electrostatic forces are generally repulsive because many charged groups of the extracellular polymeric matrix are negatively charged, if not balanced by counterions. It is also known that surface charge plays a major role in adhesion for more hydrophilic bacteria.
A self-evident approach for controlling primary adhesion is the attempt to interference with these forces, and attempts to prevent biofilm formation and development by application of electric currents and, thus, reduce the adhesive forces, e.g., for protecting medical implants (Van der Boorden et al.
biofilm organisms (Costerton et al. 1994; Shirtliff et al. 2005) .
However, the effect seems not to be working reliably and thus the method has not yet found application in medicine (v. d. Mei, personal communication) . Some authors tried to use electrical current for detachment of biofilms (Poortinga et al. 2001) . Others were using indium tin oxide (ITO) as an electric conductive coating and different types of polarization. They found no drastic effect but observed moving of biofilm organisms in response to the current (Perez-Roa et al. 2006; Hong et al. 2007 ). Guezennec et al. (1994) observed that biofilm development of sacrificial anodes during cathodic corrosion protection was partially inhibited. In general, however, these studies showed no real dramatic effects of electric current or potential. Pulsing of electric fields was also applied and inhibited biofilm formation of Pseudomonas aeruginosa was inhibited, however, only to 50% (Perez-Roa et al. 2006 ). Among the relevant variables, i.e., frequency, applied voltage, and pulse duty ratio, only the latter was of influence to this effect. The square-wave pulses were applied in one second intervals. Rowan et al. (2001) tried to inactivate Mycobacterium paratuberculosis by pulsed electric fields and found substantial damage at the cellular level of this organism. Wouters et al. (1999) successfully inactivated Listeria innocua by pulsed electric fields. Park et al. (2003) report the effective inactivation of Vibrio parahaemolyticus, inoculated into natural seawater in 100 ms by a 0.5 A, 12 V direct current. The electron microscopic investigation of the electrically treated bacteria revealed substantial structural damage at the cellular level. Viability was determined by cultivation. Block et al. (2001) used such an approach to protect salinity sensors, reporting "Whereas the control unit showed strong biocontamination, the treated unit had much less biofouling".
Adhesion of microorganisms to surfaces is mediated by their extracellular polymeric substances (EPS) . Microbial cells are generally surrounded by a thicker or thinner layer of such EPS which make the first contact with a surface in the adhesion process.
After primary contact, the EPS molecules align to the substratum at the energetically lowest level which depends on the interaction between the functional groups in the EPS and the corresponding counterparts of the substratum.
The hypothesis is that if these counterparts change their properties, primary adhesion forces will be weakened and adhering cells and biofilms may be removed more easily. Another expectation is that the pulsation of a potential could interfere with physiological processes.
In first experiments, two electric conductive coating materials were employed: ITO and polypyrrole. The polarization routine was pulsed from þ 600 mV to 2 600 mV with a frequency of 10 or 60 seconds. The control was not polarized. The electric current was low in the potentiostatic experiments. Drinking water mixed population was used for biofilm formation. Aim of the study was to investigate the influence of the polarization routine in terms of initial adhesion and biofilm development. The polarization routines were programmed for constant potential (potentiostatic routine), constant current (galvanostatic routine) or for pulsed potential or current.
MATERIALS AND METHODS
The period of the pulses was chosen one minute in order to ensure a complete oxidation or reduction of the conducting material. Galvanostatic conditions ranged from 2 40 mA/cm 2 to þ80 mA/cm 2 and potentiostatic conditions varied from 2200 mV to þ800 mV. for the experiments have been prepared according to this standardized procedure in order to maintain reproducible conditions. The bacterial suspension was nutrient free and contained the bacteria in starving state so that they were no longer able to grow during the experiment.
Staining procedure
To visualize the total number of bacteria, the nucleic acid specific stain SYTO 9 (Molecular Probes) was used. The working solution was prepared with 1.5 ml of 3.34 mmol/L stock solution in DMSO, stored at 2208C in 1 ml sterile deionised water. The bacteria were incubated with the working solution in the dark at room temperature for 20 minutes.
Microscopy and image analysis
The number of adhering bacteria was quantified directly on the ITO coated membranes with a fluorescence microscope Table 1 .
RESULTS AND DISCUSSION

Influence of polarization on bacterial adhesion
Primary adhesion of bacteria on ITO and polypyrrole was investigated. Either potentiostatic pulsed polarization (^800 mV) or galvanostatic pulsed polarization (^0.04 mA/cm 2 ) routine were applied. The pulse frequency was 10 seconds. This is the fastest frequency to which polypyrrole still can respond by full oxidation and reduction cycles respectively. The routine was applied to an adhesion assay with S. maltophilia and S. sciuri respectively, at a cell density of 3 £ 10 7 cells/ml. Figure 2 shows that a slightly higher number of S. maltophilia cells were adhering under that regime. However, the influence could not be considered significant for all test organisms as well as for polypyrrole (data not shown).
The experiment was also carried out under galvanostatic conditions and with the same pulse period. The results are presented in Figure 3 .
Obviously Influence of electric potential on biofilm formation
The effect of pulsed potentials on primary adhesion can be considered as rather a physico -chemical phenomenon, deliberately carried out under conditions which did not support bacterial growth. Such conditions allow considering bacteria rather as living colloids, following the laws of colloids. In order to investigate the effect on the physiological processes of biofilm growth, the above mentioned routines were applied to microbial populations in drinking water. Drinking water bacteria were incubated for 5 hours in order to allow primary adhesion; the cell density on ITO was in the range of 10 5 bacteria/cm 2 . Then, Caso medium was added to a final dilution of 1:20,000 in order to allow microbial growth as biofilm formation can be observed at very low concentrations (Schaule et al. 2007) . Figure 5 shows the results obtained at galvanostatic polarization of^0.04 mA/cm 2 resulting in a potential of 21,100 mV to þ1,500 mV. After 8 hours the biofilm on the polarized ITO surfaces was very thin with 5.7 £ 10 4 bacteria/cm 2 while the biofilm on the control contained 20 times more organisms (1.1 £ 10 6 bacteria/cm 2 ). After 24 hours, the biofilm on non polarized ITO had developed up to 3.3 £ 10 6 bacteria/cm 2 but the cell density on the non-polarized ITO stayed low with 5.9 £ 10 4 bacteria/cm 2 .
An important confinement of this approach is, however, that under galvanostatic conditions without implying a high potential, uncontrolled electrochemical side reactions can occur which may affect the substratum.
Potentiostatic conditions offer the advantage to work at a low electric current without affecting the substratum.
And, interestingly, over an extended period of time of more than a week (164 hours), biofilm development on the polarized surfaces again was significantly less than on the control ( Figure 6 ).
Biofilm thickness as assessed by CLSM analysis was about 100 mm in the control and only 20 mm in the polarized sample ( Figure 6 ).
CONCLUSIONS
The application of polarization of substratum in order to influence adhesion, detachment and biofilm formation has been subject of several studies which did not report really strong effects, as mentioned in the introduction. Obviously, the description of microbial adhesion in purely physicochemical terms is not sufficient to understand and predict it. Concerning the results of this study, this also seems to be expected from the application of pulsed currents or potentials. However, the strikingly different morphology of the primary biofilm when adhering under pulsed conditions indicates that there is an effect, although not inhibiting overall adhesion. Especially the influence on EPS is very interesting and subject of further research.
Obviously, pulsation influences physiological processes occurring during biofilm formation resulting in a much lesser extent of biofilm growth. Staining with Syto9 as used in these experiments does not reveal information on cell viability therefore further work will focus on this subject.
Potentiostatic conditions may be more suitable because electrochemical reactions of the substratum or of water ingredients can be avoided but the same inhibition is observed as under galvanostatic conditions. The reason for the effect remains to be investigated and is also subject of further work. It can be exploited for anti-fouling purposes.
This, however, depends very much on the time scale in which biofilm formation is intended to be inhibited.
The fact that the inhibition lasted over more than a week is promising. Equally promising is that it was also effective on a mixed drinking water population. Considering that it worked with conductive coating materials allows for a wider application of the effect on materials which can be coated by these substances.
Obviously, the application of pulsed electric current or potential does not prevent microbial adhesion but limits biofilm growth. Therefore, it is suitable as an element in an integrated anti-fouling strategy (Flemming 2002) , which aims rather to "living with biofilms and keeping them under control" than completely preventing microbial adhesion.
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